Estrogen receptor-alpha (ESR1) is highly expressed in the efferent ductules of all species studied as well as in the epididymal epithelium in mice and other select species. Male mice lacking ESR1 (Esr1KO) are infertile, but transplantation studies demonstrated that Esr1KO germ cells are capable of fertilization when placed in a wild-type reproductive tract. These results suggest that extratesticular regions, such as the efferent ductules and epididymis, are the major source of pathological changes in Esr1KO males. Previous studies have shown alterations in ion and fluid transporters in the efferent duct and epididymal epithelia of Esr1KO males, leading to misregulation of luminal fluid pH. To determine the effect of an altered epididymal milieu on Esr1KO sperm, we assayed sperm morphology in the different regions of the epididymis. Sperm recovered from the epididymis exhibited abnormal flagellar coiling and increased incidence of spontaneous acrosome reactions, both of which are consistent with exposure to abnormal epididymal fluid. Analysis of the epididymal fluid revealed that the osmolality of the Esr1KO fluid was reduced relative to wild type, consistent with prior reports of inappropriate fluid absorption from the efferent ductules. This, along with the finding that morphological defects increased with transit through the epididymal duct, suggests that the anomalies in sperm are a consequence of the abnormal luminal environment. Consistent with this, incubating Esr1KO sperm in a more wild-type-like osmotic environment significantly rescued the abnormal flagellar coiling. This work demonstrates that Esr1KO mice exhibit an abnormal fluid environment in the lumen of the efferent ducts and epididymis, precluding normal sperm maturation and instead resulting in progressive deterioration of sperm that contributes to infertility. epididymis, estradiol receptor, male reproductive tract, sperm, sperm maturation
INTRODUCTION
Spermatozoa exit the testis as highly differentiated but functionally immature cells that require further maturation within the extratesticular ducts to acquire the ability to recognize and fertilize an egg [1] . This essential developmental process requires sperm interaction with a progressively changing luminal milieu that is regulated by secretory and absorptive activities of the epididymal epithelium. Activities of this epithelium are controlled by androgens [2] [3] [4] as well as estrogen [5] [6] [7] [8] . As sperm progress from the proximal to the distal regions of the epididymis, there is an effective concentration and compaction that occurs in parallel with substantial water reabsorption, occurring mainly within the efferent ductules [9] . In addition, there are several notable changes in luminal composition that occur along the length of the epididymis including net Na þ , Cl À and HCO À 3 reabsorption, K þ secretion, and luminal acidification [10] . Another significant characteristic of the epididymal fluid is that it is hyperosmotic relative to serum. Although the osmolality of fluid-bathing spermatozoa in the testis approximates that in blood, as spermatozoa are transported through the epididymal duct, they encounter a slowly increasing osmotic environment that is a result of the secretion of low-molecular-weight, watersoluble compounds [10] [11] [12] [13] . By the time spermatozoa enter the cauda epididymis, where they are stored before ejaculation, the osmolality is at least 1.3-fold higher than fluids in the testis or female reproductive tract [14] [15] [16] [17] [18] .
In the mouse, when sperm are ejaculated into the female reproductive tract, they immediately encounter an environment that is approximately 110 mmol/kg lower than that in the cauda epididymis [19] . Given that the release of sperm into a physiologically ''hypotonic'' environment is a normal event, it is feasible that it may serve as a physiological trigger of sperm activation after quiescence in the epididymis.
To cope with these constant environmental challenges, spermatozoa, like somatic cells, undergo a process of regulatory volume decrease (RVD). However, unlike somatic cells, spermatozoa have little cytoplasm and therefore rely mainly on the cytoplasmic droplet to mediate the bulk of water and osmolyte transport involved in RVD [15] . When exposed to hypo-osmotic conditions, water will enter the spermatozoa in an attempt to reach osmotic equilibrium. This inflow of water will increase sperm volume, and the plasma membrane will expand [20] . If volume regulation fails, spermatozoa assume a swollen state that is manifested by flagellar coiling or angulation, usually at the site of the cytoplasmic droplet. This change in morphology provides the smallest membrane area for the increased volume, limiting the damage done to the membrane through stretching [21] .
Spermatozoa that are swollen or angulated as a result of failed volume regulation are disadvantaged during fertilization. There are several naturally occurring animal models of male infertility in which angulated spermatozoa are a defining characteristic [22] [23] [24] . One of the most notable tail defects is known as the ''Dag defect,'' first identified in a Jersey bull in which sperm exhibited a ''corkscrew-like'' coiling of the flagellum. In addition, there are several transgenic mouse models in which angulation occurs within the epididymis, including the c-ros (Ros1) knockout (Ros1 tm1Cbm ), LRG4 (GPCR) hypomorphic mutant (Lgr4 Gt(pU-21)1Kymm ) [25] , ApoER2 knockout (Lrp8 tm1Her ) [26] , GPX5Tag2 (Tg(Gpx5-TAg)2Mpo) [27] , and Foxi1 (Foxi1 tm1Sven ) [28] null mutants. Although a systematic analysis has not been performed to determine commonalities of these infertile males, the LRG4 mutant mice exhibited decreased Esr1 expression in the efferent ducts and epididymis [25] , which resulted in a phenotype similar to that seen in the Esr1KO male [29] .
The Esr1KO male is a useful animal model to study the interactions between maturing sperm and the epididymis. Animals that lack a functional Esr1 gene are infertile, and sperm recovered from the cauda epididymis exhibit low percent motility, beat less vigorously, and are ineffective at in vitro fertilization [30] . Testes of the Esr1KO show transient increase in weight due to fluid back pressure [29, 31] , which is caused by a defect in ion transport and fluid reabsorption in the efferent ductules [29, 31] . In a companion article, loss of ESR1 is shown to lead to misregulation of acid/base transporters and a failure of epididymal acidification [32] . The infertile Ros1 and Foxi1 knockout males both harbor a similar physiological phenotype of elevated luminal pH, with a specific corresponding defect in sperm morphology: flagellar angulation. In both of these models, the flagellar angulation hinders the ability of spermatozoa to cross the uterotubular junction, serving as a block to fertilization. Furthermore, studies utilizing hamster and sea urchin sperm suggest a correlation between increased pH and spontaneous acrosome reactions [33] [34] [35] [36] .
To elucidate the relationship between the misregulation of fluid dynamics and infertility of Esr1KO mice, we systematically investigated sperm morphology as they transverse the Esr1KO epididymal duct. This article reports that Esr1KO spermatozoa have two distinct morphological defects: an increased propensity for spontaneous acrosome reactions and severe flagellar coiling. These defects appear to be at least partly due to the decreased osmolality of the Esr1KO luminal environment because when Esr1KO sperm are incubated in a more wild-type (WT)-like osmotic environment, the degree of coiling is minimized. Conversely, when WT sperm are exposed to an environment of high pH and low osmolality, the proportion of straight sperm flagella are significantly reduced. Together, the results indicate that the defect in flagellar coiling of Esr1KO sperm is not intrinsic to the axoneme but rather a consequence of development within an abnormal microenvironment.
MATERIALS AND METHODS

Animals and Tissue Preparation
The present study used homozygous Esr1KO males produced using ZP3-Cre-mediated excision of exon 3 as previously described [37, 38] . The Esr1KO male mice are infertile, whereas heterozygous mice show normal fertility and sperm motility. Comparisons were made between Esr1 À/À and Esr1 þ/À heterozygous (HET) or Esr1 þ/þ WT littermates, as indicated. For all analyses, at least three age-matched mice of each genotype were used. Unless otherwise noted, adult mice used for these studies were 6-14 wk of age. The mice were euthanized by cervical dislocation. All experiments involving animals were conducted according to Emory University, University of Illinois and University of Kentucky institutional standards (IACUC) for the care and use of experimental animals. Testes from Esr1 þ/þ and Esr1 À/À mice 8 wk of age were fixed in Bouin solution as previously described [39] . Epididymides were dissected clean of connective tissue and subdissected into four regions: the initial segment and the remaining caput, corpus, and cauda.
Sperm Collection
All reagents were purchased from Sigma Aldrich unless noted otherwise. Sperm were collected and incubated in either a modified Krebs-Ringer buffer (dmKBRT) [40] or Medium B [127 mM NaCl, 5.3 mM KCl, 18.2 mM HEPES, pH 7.4]. Initial segment and caput sperm were collected by puncturing tissue with a 27½-gauge needle and gently expressing fluid out of the perforations into the collection media. Cauda sperm were collected by shredding tissue in the appropriate medium and filtering through a nylon mesh (03-35/16 Nitex, Sefar Filtration Inc.). To collect sperm from testes, the tunica albugina was removed, and the testes were dissected and shredded in collection media. The resulting suspension was filtered through a nylon mesh (03-180/44 Nitex, Sefar Filtration Inc.) to remove tissue pieces and large cellular debris.
Acrosome Status
Coomassie Blue (Bio-Rad Laboratories) was used to stain the acrosome contents and score the status (acrosome reacted/not reacted) following the procedure previously described [41] . Sperm were fixed for 10 min in 4% paraformaldehyde at room temperature, washed, and resuspended in 0.1 M ammonium acetate (pH 9.0). A smear of the suspension was created onto positively charged glass slides (ProbeOn Plus; Fisher Scientific) and allowed to air-dry overnight. Smears were covered with Coomassie stain (0.22% Coomassie G250, 50% methanol, 10% glacial acetic acid) and allowed to incubate for 9 min. Slides were washed with running tap water, air-dried, and cover slipped using Aquatex (EMD Chemicals Inc.). Sperm were scored under 603 magnification (Nikon Eclipse E800), and the proportion of acrosomereacted sperm is presented as the percent of the total sperm counted. The data presented are the average of at least three experiments. Means were compared using an unpaired Welch-corrected Student t-test.
Electron Microscopy
Sperm within the caput epididymides (with initial segment removed) were analyzed in situ via electron microscopy. Tissues were freshly dissected and submersion fixed in 2.5% glutaraldehyde buffered with 100 mM cacodylate. Fixed tissues were rinsed in cacodylate buffer, stained with osmium, and processed for thin Epon resin sections (60-70 nm) by the Emory University School of Medicine Electron Microscopy Core.
Sperm Flagellar Morphology
Flagellar morphology was assessed via light microscopy. Sperm were recovered and processed as previously described. Flagellar morphology was assessed from control and Esr1KO mice, and sperm were scored as normal (straight axonemes), loops (hairpin bend), midpiece coils (coils restricted to the midpiece region), and whole tail coils (coils that include the principal piece). All coils are presented as the sum of midpiece and whole-tail coils. Sperm were examined under 603 magnification. The proportion of each morphological phenotype was determined on the basis of the total number of sperm counted (!400) from each region of each animal. The data presented are the average of at least three experiments. Differences between control and knockout mice were tested using an unpaired Student t-test.
Osmometry
Osmolality was measured using a Wescor 5500 Vapro Vapor Pressure Osmometer (Wescor Inc.) outfitted with a 2-ll sample holder to provide more accurate measurements of small sample volumes. Both caput epididymides (including initial segments) from a single animal were subdissected and pooled. Each testis was individually measured. To avoid contamination from blood, prominent vessels were cannulated with a needle and drained. The external capsule was removed, and internal tubules were penetrated in multiple locations with a 27½-gauge needle, and luminal fluid contents were gently released through the holes and collected using Wiretrol II microcapillary tubes (Drummond Scientific Company). The collected fluid was centrifuged at 16 000 3 g for 5 min. The supernatant (2 ll) was used to saturate an eighth-inch round Kimwipe sample disc (Kimberly Clark Professional). Prior to each experimental run, the osmometer was calibrated using 2 ll of both a 290-and a
SPERM ABNORMALITIES WITH LOSS OF ESR1
1000-mmol/kg standard. To increase sensitivity, the low-range switch was actuated for every sample measured. The epididymides and testes of at least three WT, HET and Esr1KO mice were measured in replicate. Comparisons of sample means were examined by an unpaired Student t-test.
Sperm Morphology Rescue
To assess the efficiency of Esr1KO sperm to recover from morphological defects, the basal dmKBRT medium was modified to create a series of solutions of increasing osmolality (300-430 mmol/kg) that bracketed a normal range for WT epididymal fluid. The standard dmKBRT (without NaCl) was modified by the addition of NaCl to reach desired osmolality measured by vapor pressure osmometry (Vapro 5500; Wescor Inc.). The caput (including initial segment) and cauda epididymides regions from each animal were divided in half, and each half was placed in a different osmolality for sperm collection. Spermatozoa were acclimated to the media for 30 min at 378C and assessed for acrosome status and flagellar morphology as described previously. Means were compared to the standard dmKBRT osmolality using a paired Student ttest. The data presented are the average of at least three experiments.
Assessment of Sperm Response to Challenge Media
WT sperm were exposed to an in vitro hypo-osmolality environment. A simple HEPES-buffered medium (medium B) was created with NaCl concentrations adjusted to produce a series of solutions ranging in osmolality from 220 to 300 mmol/kg and buffered by the addition of 1 M sodium hydroxide to pH 7.8. Morphology and acrosome status of caput (including initial segment) and cauda sperm were assessed and compared to the standard medium B, pH 7.4 (300 mmol/kg) after incubation for 30 min at 378C. The data presented are the average of at least three experiments. Means were compared using a paired Student t-test.
RESULTS
Esr1KO Spermatozoa Have Increased Rates of Spontaneous Acrosome Reaction
Previous studies revealed that the Esr1KO epididymis fails to appropriately express several water/ion transporters, which leads to a more alkaline epididymal environment [32] . To determine the effect that this altered fluid milieu had on sperm, we evaluated acrosome integrity via light microscopy ( Fig.  1A) . Sperm from animals 6-14 wk of age were collected from the four main epididymal regions (initial segment, caput, corpus, and cauda) into a simple HEPES-buffered salt solution to eliminate the contribution from capacitation factors, and the 3 6 1%) . In comparison, Esr1KO mice have a significantly increased proportion of spontaneous reactions in the initial segment, caput, and corpus. Each bar represents the mean 6 SEM. C) Acrosomal status of cauda sperm at 6 and 14 wk of age (two animals per group). The large variability in acrosome status in the Esr1KO cauda epididymis may be associated with an age-dependent defect that progressively worsens and approaches 100% in 14-wk-old mice. Each bar represents the mean 6 SD. D) Electron microscopy of WT sperm reveals normal intact plasma membranes surrounding the nucleus (N) and acrosomic vesicle (A). Esr1KO sperm revealing a phenotype of vesiculated, irregular, or broken plasma membranes (arrows) that overlie the acrosomic vesicle (A) and nucleus (N). M, mitochondria in the midpiece. *Denotes significant difference from WT/HET within an epididymal segment (P 0.01).
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basal frequency of spontaneous acrosome reactions was determined (Fig. 1B) . Approximately 3% of sperm from control mice exhibited spontaneous acrosome reactions, which remained constant through all segments of the epididymis. In comparison to control sperm, Esr1KO mice had a significantly increased proportion of acrosome-reacted sperm in every segment of the epididymis, except for the cauda region. The frequency of acrosome-reacted sperm increased dramatically as they progressed from the proximal to the distal regions of the epididymal duct (initial segment: 13 6 3%; caput: 16 6 4%; corpus: 22 6 4%; cauda: 36 6 14%). To examine the large variation in acrosome status of Esr1KO sperm recovered from the cauda epididymis, specific ages of 6 and 14 wk were compared (Fig. 1C) ; however, only two animals at each age were available for evaluation. The mean difference in acrosome reaction between 6 and 14 wk was large, suggesting that the acrosome phenotype progressively worsened with age and was nearly 100% penetrant at 14 wk. Interestingly, evidence of this phenotype was seen in situ via electron microscopy, where Esr1KO caput sperm were often observed with vesiculated, irregular, and/or broken plasma membranes that overlaid the acrosome vesicle (Fig. 1D ).
Esr1KO Sperm Exhibit Severe Flagellar Coiling
Light microscopy revealed that Esr1KO spermatozoa exhibited a flagellar defect characterized by varying degrees of severity ( Fig. 2A) . In the mildest form, hairpin loops were observed, the occurrence of which was highly variable and often found in sperm of control mice. Often these loops were associated with bends or acute angulation in the area of the cytoplasmic droplet. More severe forms of Esr1KO flagellar defects included coiling confined to just the midpiece of the flagellum, with the remaining tail free from obstruction, or
Hairpin loops (loop) were the mildest form observed and were frequently found in control animals. Coils isolated to the tail midpiece region (MC) and coils that encompassed the entire tail length (WC) were more severe. B) Electron microscopy (TEM) of wild-type (WT) sperm within the caput epididymis showing normal nucleus (N) and midpiece region with mitochondria (M)
coiling that encompasses the entire length of the sperm tail (i.e., Dag defect). Electron microscopic analysis confirmed the incidence of this phenotype in situ ( Fig. 2B; Esr1KO) . While components of the axoneme and cytoskeletal elements were present and appeared normal, often two or more cross sections of the same sperm flagellum were found enclosed in one plasma membrane, a phenotype not observed in WT or HET mice.
Esr1KO Sperm Coiling Increases with Transit Through the Epididymal Duct
Quantification of the incidence of sperm coiling as a function of epididymal transit verified that sperm from control mice had a consistent morphology of straight tails (94 6 1%) in the initial segment through the corpus epididymis when freshly released and dispersed in basal medium. Straight tails were decreased (to 73 6 4%) in the cauda as a result of a substantial increase in hairpin loops (Fig. 3A) . This flagellar angulation, or looping, of the sperm tail has been previously described in mammalian sperm from several species as a phenomenon of sperm swelling [42, 43] . In contrast to control mice, sperm recovered from all segments of the Esr1KO epididymis had a significant decrease in the proportion with straight-tail morphology, the incidence of which became more pronounced as sperm traversed the epididymis (initial segment: 65 6 8%; caput: 56 6 9%; corpus 48 6 13%; cauda 46 6 10%) (Fig. 3B) . These data indicate that the morphology of Esr1KO sperm progressively deteriorates as sperm remain longer in the abnormal luminal environment.
To determine if the sperm coiling observed in the Esr1KO epididymis was due to a primary effect on spermatogenesis, Esr1KO testicular sperm were evaluated for morphological abnormalities (Fig. 4A) . Analysis of adult Esr1KO testes revealed that there was a small but significant decrease in straight morphology of sperm recovered from the testes relative to that seen in control mice (Esr1KO: 80 6 5%; control: 93 6 1%). Previous studies of the Esr1KO male have shown that these mice exhibit an age-dependent accumulation of fluid within the lumen of the reproductive tract that causes fluid back pressure and swelling of the testis [29] . This was evident in sections of 8-wk-old Esr1KO testes, which showed excessive accumulation of fluid and dilation of the seminiferous tubules along with coiled sperm in the lumens (Fig. 5B) ; age-matched WT testes exhibited no dilation of the seminiferous tubules and no coiled sperm (Fig. 5A ). In the Esr1KO testes, coiled sperm were never observed within the seminiferous epithelium, only within the lumen. To test the hypothesis that age-associated testicular swelling was the cause of testicular sperm coiling, 5-wk-old Esr1KO animals were examined, as testicular swelling had not as yet begun at this age. In these younger animals, sperm from Esr1KO and control testes showed no difference in the percentage of sperm that were straight. Nevertheless, there
FIG. 3. Sperm tail coiling is more pronounced in the Esr1KO
and increases with transit through the epididymis. A) Quantification of sperm tail morphology via light microscopy revealed that control wild-type (WT) and heterozygote (HET) mice have consistently straight-tail morphology when collected from the initial segment, caput, and corpus epididymis (93 6 3%). In the control cauda, the percentage of straight flagella decreased to 75 6 4%, reflecting an increase in hairpin loops. B) In comparison, Esr1KO mice had a significantly reduced proportion of straight sperm, relative to the control mice, recovered from the initial segment, caput, corpus, and cauda that reflects an increase in the proportion of both loops and more severe forms of tail coiling (midpiece and whole tail coils described in Fig.  2 ). Each bar represents the mean 6 SEM. *Denotes significant difference from WT/HET within an epididymal segment (P 0.04).
FIG. 4.
Esr1KO sperm tail coiling is a function of epididymal transit. A) Analysis of adult Esr1KO testes showed an approximate 10% decrease in straight-tail morphology, relative to control wild-type (WT) and heterozygote (HET) mice. However, sperm recovered from young (5-wk-old) Esr1KO testes that had not yet developed the characteristic fluid accumulation in the testes showed no difference in the percentage of straight flagella when compared to control mice (98 6 1%). B) Nevertheless, sperm recovered from 5-wk-old Esr1KO caput had a small but statistically significant reduction in straight flagella. Each bar represents the mean 6 SEM. *Denotes significant difference from corresponding sperm morphology type in WT/HET (P 0.05).
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was a slight but statistically significant reduction in the percentage of straight sperm recovered from the 5-wk-old Esr1KO caput compared to WT/HET (89 6 2% vs. 94 6 1%, respectively) (Fig. 4B) . These results further indicate that Esr1KO sperm coiling is not an intrinsic spermatozoa defect but rather a morphological result of an abnormal epididymal physiology.
Hypo-Osmotic Pressure of the Esr1KO Luminal Fluids
Other model systems have suggested that acute angulation and coiling of spermatozoa occur as result of hypo-osmotic challenges. Using vapor pressure osmometry, luminal fluid from the testes and proximal region of the epididymis (initial segment and caput) were measured (Fig. 6 ). As has been described in other species, as sperm enter the epididymis, they are exposed to an environment of increased osmolality [18] . WT and HET mice had a testes fluid osmolality of 362 6 3 mmol/kg, which increased in the caput epididymis to 435 6 11 mmol/kg for WT and 424 6 4 mmol/kg for HET mice. In contrast, Esr1KO fluid collected from the testes (346 6 2 mmol/kg) and caput epididymis (395 6 1 mmol/kg) was significantly hypo-osmotic in comparison to WT and HET mice.
Effects of Osmolality on Esr1KO Flagellar Coiling
Given that flagellar coiling is believed to be a phenomenon of hypotonic swelling of spermatozoa, we determined whether exposure of Esr1KO sperm to a more WT-like tonicity could rescue the increase in flagellar angulation (Fig. 7) . Flagellar coiling in these ''hyperosmotic'' conditions were compared to the standard sperm collection media, dmKBRT, of 300 mmol/ kg. Similar to that described previously, approximately 35% of the Esr1KO caput sperm possessed a straight morphology when released into 300 mmol/kg dmKBRT. The proportion of straight sperm increased with increasing osmolality. When cauda sperm were assayed, although the trend was similar, the degree of morphological rescue was negligible, reflecting the irreversible damage done to sperm as they are stored in the abnormal epididymal environment over prolonged time periods.
Mimic of the Esr1KO Flagellar Phenotype
Data thus far suggest that defects in Esr1KO sperm are a result of storage in an abnormal luminal environment that is low in osmolality and high in pH. This would suggest that WT sperm exposed to an abnormal hypo-osmotic and/or alkaline environment would show an increased propensity for coiling. 
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963 An in vitro assay was developed to test the response of WT sperm to increased pH and hypo-osmotic challenges. Caput and cauda sperm collected from WT mice were incubated in three osmotic media: 300, 260, and 220 mmol/kg with pH 7.8 (Fig.  8) . Morphology was assessed and compared to a routine sperm collection medium of 300 mmol/kg, pH 7.4.
Normal caput sperm are immature [15] and unable to appropriately regulate cellular volume. Therefore, WT caput sperm incubated in 300 mmol/kg for 30 min showed an increased percentage of coiled and looped sperm tails (Fig. 8 ) compared to sperm examined immediately after removal from the epididymis (Fig. 3) . When incubated in the more extreme hypo-osmotic media, in combination with alkaline pH, the caput sperm responded with cellular shape changes that mimicked those observed in Esr1KO mice. As a result, there was a significant decrease in the proportion of straight sperm flagella, which correlated with an increased proportion of looped and coiled tails (Fig. 8A) . No additional effect on sperm morphology was observed with pH change alone in 300 mmol/ kg. Cauda sperm responded less drastically to hypo-osmotic conditions, with a decrease in straight sperm flagella of approximately 20% in the most hypo-osmotic media (Fig. 8B) . Although the recapitulation did not approach levels observed in the most severe Esr1KO phenotype, these results confirm that a combination of alkalinity and hypo-osmolality contributes to the Esr1KO flagellar defects.
DISCUSSION
In the Esr1KO mouse, efferent ductules fail to execute their absorptive function [29] , which, in conjunction with alterations in ion and fluid transporters within the epididymis, results in significant changes in the luminal fluid composition. One of these consequent defects, the failure of luminal acidification, has been recently documented [32] . In this study, we show that the Esr1KO luminal fluid is more hypo-osmotic than its WT counterpart. This is likely due to the loss of efferent ductule function, leading to a decreased rate of fluid transport and consequent dilution of downstream luminal fluid. The systematic evaluation of Esr1KO sperm during epididymal transit revealed two classes of morphological defects: spontaneous acrosome reactions and severe flagellar coiling. Both of these defects were prominent within the initial segment and increased in frequency as sperm traveled into distal regions of the epididymis as well as with increased ages of the animals. The increase in severity of these phenotypes with age and transit further support the conclusion that functional defects in spermatozoa were a result of the abnormal fluid milieu created in part by the dysfunctional efferent ducts.
The acrosome is a membrane-bound structure that covers the anterior portion of the sperm nucleus and contains a large array of hydrolyzing enzymes. Functionally, the acrosome aids penetration of the egg coat by releasing its contents through a process known as the acrosome reaction (acrosomal exocytosis), which occurs on sperm binding to the egg coat. However, nonphysiological or false acrosome reactions can occur under various conditions, such as exposure to alkaline media [44] . Often these spontaneous acrosome reactions occur in moribund or dead spermatozoa when their membranes weaken, releasing FIG. 7 . Increased tonicity partially rescues the coiling defect of Esr1KO sperm. Tail morphology was assessed after sperm were released into a more wild-type-like tonicity, with 300 mmol/kg being the standard osmolality of sperm collection media. Sperm recovered from the Esr1KO caput responded with an approximately 20% increase in straight-tail morphology when placed into media of 350 and 430 mmol/kg. Although there was a similar trend in sperm recovered from the Esr1KO cauda, the degree of rescue was minimal. Each bar represents the mean 6 SEM. *Denotes significant difference from corresponding sperm morphology in 300 mmol/kg (P 0.05).
FIG. 8.
Decreased osmolality with increased pH produces Esr1KO-like morphological defects in wild-type sperm. Wild-type sperm were recovered from either the caput or cauda and introduced into media of osmolality 300, 260, and 220 mmol/kg, pH 7.8. Morphology was assessed and compared to basal medium (300 mmol/kg, pH 7.4). A) Although the increase in pH alone did not affect tail morphology, decreasing osmolality with increased pH resulted in a decreased proportion of sperm with straight flagellar morphology and increased coiling. B) Cauda sperm exposed to a similar media, with decreasing tonicity and increased pH, led to a decrease of straight flagella. Each bar represents the mean 6 SEM. *Denotes significant difference from corresponding sperm morphology in 300 mmol/kg, pH 7.8 (P 0.03).
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hydrolyzing enzymes and causing autodigestion of the acrosome [45] . This can cause detachment of the outer acrosomal membrane and the overlying plasma membrane. In WT/HET mice, spermatozoa had a low proportion of spontaneous reactions throughout all epididymal regions. In contrast, Esr1KO sperm had a substantially higher rate of premature acrosome reactions, the frequency of which increased in the more distal epididymal regions. As these mice aged, the phenotype became nearly 100% penetrant in the cauda epididymis by 14 wk. Since spontaneously reacted spermatozoa are functionally incompetent, the increased incidence of these degenerative modifications in the Esr1KO epididymis would largely contribute to the reduced fertilizing ability of sperm in these animals [30] . Furthermore, it is reasonable to assume that these compromised cells likely constitute all or a portion of the nonmotile cells recovered from the cauda.
A large percentage of Esr1KO sperm also exhibited flagellar angulation and coiling. The severe coiling observed in these animals is similar to the Dag defect previously described in several large domesticated animals [22, 23, 46, 47] . Although epididymal tissue and fluid properties were not measured for all of these ''sterile studs,'' there is correlative evidence from several ejaculation studies that suggests that the defect is of epididymal origin. For example, exhaustive ejaculations in a bull with Dag-defective sperm resulted in a dramatic reduction in the percent abnormal sperm [48] . In many of these cases there was a genetic linkage but no discovered etiology. Given the similar morphological defect and the hereditary link, it is plausible that mutations in the Esr1 gene or cofactors regulating its function [49] could be involved.
Significant knowledge of axoneme function has been derived from studies using chlamydomonas and tetrahymyna, two ciliated protists. From these model organisms and subsequent studies on sperm, it is understood that flagellar coiling and angulation that occurs in nonisotonic conditions can be a result of osmotic shock. Although it is routine to refer to common sperm preparation media as ''isotonic'' (300 mmol/ kg), in reality the epididymal fluid provides a hyperosmotic microenvironment relative to common biological media and serum. As a result, under both in vitro and in vivo conditions, sperm experience several osmotic challenges. In order to counteract the influx of water that occurs under hypo-osmotic conditions, sperm undergo a process of regulatory volume decrease, which utilizes a number of different membrane channels localized mainly to the cytoplasmic droplet [11, 43] . While the mechanisms underlying flagella angulation in sperm are obscure, it may involve failure to properly undergo RVD.
Assessment of Esr1KO morphology revealed that there was a substantial reduction in the presence of straight (or normal) flagella, in comparison to WT/HET mice, with a trend for increased abnormalities in the distal regions. Esr1KO mice also exhibited a slight but significant reduction in the frequency of straight flagella recovered from adult testes. However, a testicular derivation of this phenotype was ruled out by assaying young animals that had not yet acquired the characteristic fluid back pressure and testicular swelling that is common in older Esr1KO mice. In young Esr1KO mice, although there was an absence of morphological defects within the testes, there was a significant increase in flagellar coiling in the caput epididymis. Also, in the current study, coiled sperm were observed only in the lumen of seminiferous tubules after fluid back pressure was present in the testis. These data further indicate that the sperm phenotype develops as a response to interactions with an abnormal epididymal environment. Treatment with the antiestrogen ICI 182,780 also causes cauda sperm acrosome and flagella abnormalities in situ, similar to what is described here [50] . Although ESR1 functional ablation was produced during puberty in the antiestrogen experimental model, ICI 182,780 treatment induced nearly all the phenotypic changes associated with the loss of Esr1 mRNA expression [50, 51] . However, in contrast to the Esr1KO mouse, there was no increase in testicular weight, an observation that further supports the conclusion that the sperm defect is posttesticular in nature.
Coiling of Esr1KO sperm typically occupied the flagellum, without involving the head, which differs from several knockout and mutant mouse models in which coiling encompasses the head (Gopc À/À [52, 53] , Spem1 À/À [54] , Hook1 À/À [55] , Capza3 À/À [56] ). In these other animal models, abnormal sperm identified as ''heads in the coils'' [57] begin their development during spermatogenesis, and abnormal morphology is detectable within the seminiferous epithelium. In Gopc À/À mice, the defect is intrinsic to the germ cell within the seminiferous epithelium, but the tail disorganization worsens as sperm pass through the epididymis [52, 53] . In Spem1 À/À mice, sperm coil defects observed in the epididymis were found within stage VIII of the seminiferous epithelium [54] . In contrast to these genetic models, the Esr1KO seminiferous epithelium appears relatively normal until fluid begins to accumulate in the testis, which results in dilation of the seminiferous tubules. Stretching of the seminiferous epithelium was associated with subsequent degeneration and ultimately tubular atrophy [29, 30] . Coiled tails were observed only in the lumen of dilated tubules and never within the Esr1KO seminiferous epithelium.
It is well known that sperm flagellar coiling and angulation occur in response to hypo-osmotic conditions [15, 19, 42, [58] [59] [60] . Studies by Drevius [58] and Lindahl and Drevius [60] found that hypotonic-induced coiling and bending of the tails was also correlated with abnormal sperm motility. Electron microscopy of these coiled spermatozoa revealed that the coiled tails were enclosed in a common cell membrane [42] , which is similar to that observed in Esr1KO mice. Others have reported coiled sperm in the ejaculate, without evidence of osmolality changes [15, 48, 57] . However, whereas those studies determined osmolality of the ejaculate fluid, they did not examine for potential correlations between sperm coiling and osmolality defects upstream in the epididymal lumen [15] .
The present study documents for the first time the osmolality of WT mouse caput epididymal fluid as 435 6 11 mmol/kg. In contrast, the Esr1KO caput epididymis was significantly hypo-osmotic in comparison to WT/HET mice. This hypo-osmotic environment would account for the flagellar coiling that occurs within the epididymal lumen. In an attempt to rescue the coiled phenotype, we released Esr1KO spermatozoa into a more WT-like osmotic environment. As osmolality of the external media increased, the proportion of coiled flagella decreased and straight flagella increased. Although there was an improvement in the proportion of straight spermatozoa after incubation in a hypertonic media, the levels did not approach what is normally observed in control sperm. This most likely represents the heterogeneity of cells, some of which were unable to respond. The inability of some Esr1KO sperm to straighten in response to changes in osmolality could be due to the normal maturational sulfydryl oxidation of the outer dense fibers and fibrous sheath, which may ''fix'' spermatozoa in their swollen configurations [61, 62] . The fact that morphological rescue was notable only in sperm recovered from the caput epididymis and that sperm residing longer in the epididymal duct (cauda sperm) were refractory supports this hypothesis. Alternatively, the cells that did not respond could represent a proportion of cells with SPERM ABNORMALITIES WITH LOSS OF ESR1 severely damaged membranes or those that were metabolically dead and could not, therefore, activate ion transport.
We also investigated the response of WT sperm exposed to a hypotonic environment. The combination of increased pH and hypo-osmolality but not increased pH alone substantially increased the proportion of spermatozoa that were similar in appearance to those found in the Esr1KO. Although there was a tendency for this to also occur with cauda sperm, the findings were not significant. Thus, the significant increase in flagellar angulation and coiling of WT caput sperm when incubated at relatively low osmolalities (,420 mmol/kg) supports the hypothesis that very high luminal fluid osmotic pressure is required for healthy sperm maturation in the epididymis. This is the first account of severe sperm coiling (Dag defect) that is correlated with hypo-osmolality of the epididymal fluid. The results of this study suggest that coiling of Esr1KO sperm was in response to an abnormal luminal environment and demonstrate that ESR1 activity in the efferent ducts and epididymis is essential for maintaining a luminal environment that is suitable for proper sperm maturation and function. Recent work suggests that ESR1 activity is also supported by ligand-independent pathways [63] . Compromising the balance of luminal constituents has detrimental effects on sperm morphology and fertilizing capability, which may offer opportunities for contraceptive development [57] . The Esr1KO male can therefore serve as a unique model to better understand the endocrine regulation of luminal fluid physiology and subsequent effects on sperm function.
